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ABSTRACT 
Lumbrical muscles of young rats were fixed with Os04 and embedded in metha- 
crylate for electron microscopy.  The spindle capsule was found to be continuous 
with and similar in structure to the sheath of Henle surrounding the nerves sup- 
plying the spindle. The capsule consists of several closely applied concentric cyto- 
plasmic sheets. Each sheet is about 1,000 A thick and has no fenestrations. Many 
caveolae and vesicles in the cytoplasm suggest active transport through the sheets. 
The periaxial space fluid contains much solid material. It is suggested that the cap- 
sule and periaxial space regulate internal chemical environment. 
The interfibrillar structures are less evident in  the polar  regions of intrafusal 
fibres than in extrafusal fibres.  Simple motor end-plates occur on the polar regions 
of intrafusal fibres.  In the myotube region of the intrafusal fibre a peripheral zone 
of myofibrils surrounds a cytoplasmic core containing nuclei, mitochondria, Golgi 
bodies, reticulum, and a  few lipid-like granules. Naked sensory endings lie on the 
myotube "in parallel" with the underlying  myofilaments. Naked processes of the 
primary  sensory  ending  deeply  indent  the  muscle  plasma  membrane  and  the 
underlying wisps of myofilament in the nuclear bag region. 
The plasma membranes of sensory nerve ending and intrafusal muscle fibre are 
about 200 A apart. 
INTRODUCTION 
In  recent  years  the  physiological  examination 
of  the sensory organs in  skeletal muscle has been 
more  productive  than  the  morphological.  The 
sensory role of the muscle spindle was not deduced 
until  1894,  but  since  then  has  been proved  by  a 
substantial background of observations. Yet  since 
that date,  until very recently,  anatomical  studies 
have added only minor  details  of  morphology, or 
have confirmed or denied,  through more thorough 
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investigation,  earlier  claims  that  had  inadequate 
grounds. 
Sherrington  in  1894-95,  in  the  early  stages  of  his 
work that forms the basis of our present knowledge of 
reflexes, studied the morphology of skeletal muscle and 
peripheral  nerves,  paying  particular  attention  to  the 
muscle spindles and Golgi tendon organs. He confrmed 
and enlarged upon  the descriptions of Ktihne  (1863  a 
and b), K~311iker (1862-63), and others. What was more 
important,  he  demonstrated  that  the  endings  in  the 
equatorial region of the spindle do not degenerate fol- 
lowing section of the ventral roots. He stated that "the 
majority, perhaps all,  of the large root-ganglion fibers 
terminate  in  the  muscle  spindles."  Ruffini  (1898-99) 
described in great detail muscle spindles from unspeci- 
fied  muscles  of  the  cat.  His  description  of  "annulo- 
spiral" and "flower-spray" nerve endings caused argu- 
ment in later years. 
A brief description of the gross features of the mam- 
malian spindle is included here to  make  the later ob- 
servations more understandable. It is necessarily a con- 
densed account and, therefore, a  number of details are 
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lost in generalities. The description is based on observa- 
tions of sections and  whole-mounts stained with gold, 
silver,  or  methylene blue,  and  studied  with  the  light 
microscope  by  Sherrington  (1894-95),  Ruffini  (1898- 
99),  Hinsey  (1927-28),  Hines  and  Tower  (1928), 
Barker (1948), and others. 
Essentially, the mammalian  muscle spindle consists 
of  several  fine,  modified,  striated  muscle  fibers with 
their associated nerve endings, all enclosed in a delicate 
fusiform capsule. The fibers so enclosed are called intra- 
fusal fibers.  Such spindles are scattered through  most 
skeletal  muscles. They are  supported by endomysium 
and lie amongst the ordinary muscle fibers, which may 
be called extrafusal fibers. The number, size, distribu- 
tion, and some details of structure, depend on the par- 
ticular  muscle and the species. For example, the num- 
ber of intrafusal fibers within a spindle is usually about 
six, but may be from one to twenty; the length may be 
one or several millimeters; the capsule  is usually  deli- 
cate, but may be thick. The nerve endings on the intra- 
fusal fibers vary considerably in their gross morphology 
and in their number, but there is a general basic pattern 
common to  mammals. Ruffini  had  no  doubt  that  the 
spindles and tendon organs were part of a  highly com- 
plex sensory apparatus. 
The capsule consists of about six concentric sheets of 
very delicate connective tissue thought to contain cir- 
cularly disposed fibrils. It is continuous with the intra- 
and extrafusal endomysium and also with the perineu- 
rium of the small nerve trunks passing to the spindle. 
The perineurium, or sheath of Henle, also consists of a 
number of concentric tubular coats of delicate connec- 
tive  tissue.  The  sheath  is  well  developed around  the 
spindle nerve trunks. 
The central segment of the spindle is the equatorial 
region, and the two ends are the poles. The capsule fre- 
quently closely invests the long polar parts of the intra- 
fusal  fihers, but in the generally shorter equatorial re- 
gion, the capsule parts from the intrafusal endomysium 
and  encloses the  so called periaxial  space,  which is a 
large fusiform cavity up to 200 #  in diameter round the 
central axis of intrafusal fibers and endomysium. Sher- 
rington (1894--95)  claimed that this cavity is connected 
with the lymphatic system.  One or  more large  myeli- 
nated sensory nerves pass through the capsular space to 
enter  the  equatorial  endomysium.  The  motor  supply 
may enter the capsule in company with the afferents, or 
enter separately through the polar capsule. 
Small  arterioles  and  capillaries  are  associated  with 
the capsule. 
The intrafusal muscle fibers attach to connective tis- 
sue at either end of the spindle. The attachment may be 
to  tendon,  fascia,  or  endomysium.  Intrafusal  muscle 
fibers are usually between 1 and 5 mm. long and can be 
divided into zones or regions. In both polar regions the 
fiber is small and well striated; it has a  circular outline 
in cross-section, and has nuclei scattered along the axis. 
The two myotube regions are at either end of the cen- 
tral  equatorial  region, within the confines of the peri- 
axial space. In the myotube the contractile material is 
reduced to a peripheral shell enclosing a  central core of 
sarcoplasm  containing  numerous  nuclei.  The  middle 
segment of the equatorial region may be called  the nu- 
clear bag. It is packed with a  mass of small spheroidal 
nuclei, which is enclosed within a  thin peripheral shell 
of sarcoplasm containing myofilaments;  the latter  are 
very difficult to see. 
Each of the three zones of the fiber is associated with 
a particular form of nerve ending. The morphology, ex- 
tent, and  number of endings vary with the particular 
muscle and  species. Thus,  there may  be an ending on 
one or both myotube regions or there may be none. The 
ending on the nuclear bag is invariably present in some 
form. The polar endings have been the subject of con- 
siderable  difference of  opinion  regarding  morphology 
and distribution. They are generally held to be motor. 
The  nuclear bag ending has  also been  named  "pri- 
mary"  or  "annulo-spiral"  by  Ruffini  (1898-99)  and 
"A2"  by  Matthews  (1933).  It  may show considerable 
order in a spiral or annular form. It may, however, be a 
random  spread  of processes with swellings. It  is  sup- 
plied from the largest afferents (group I,  12  to 20 #  in 
diameter)  in  the  muscle nerves.  Usually  one  group  I 
afferent fiber passes to each spindle, and, having made 
several dichotomous divisions, supplies the nuclear bag 
region of each intrafusal fiber in the spindle. 
One or both of the myotubes may have nerve end- 
ings.  These may be called simply "myotube endings" 
but were named "secondary" or "flower-spray" by Ruf- 
fini (1898-99) and "AI" by Matthews (1933).  This type 
may show some spiral or annular order, but is usually 
in the form of spreading processes with swellings. It is 
supplied from the medium-sized group II afferents, 4 to 
12 #  in diameter. 
The  motor innervation of the intrafusal  fibers is at 
one or both poles, and is supplied almost exclusively by 
the small (gamma) group of efferent myelinated fibers, 
which supply nothing else. In the mammal these small 
efferent fibers have a diameter of less than 8# and a con- 
duction velocity of less than 55 m./sec. Hines and Tower 
(1928)  maintained that the motor supply is confined to 
one pole, and that  the motor ending is of the "termi- 
naison en grappe"  form; that  is,  it  resembles a  small 
bunch  of partly  developed grapes.  Barker  (1948)  re- 
ported a  bipolar motor innervation by a  number of in- 
dividual  small  efferents.  He  found  large  motor  end- 
plates,  and  reported  that  the  motor  fibers  divide  to 
supply end-plates on different muscle fibers. 
Recently, brief reports (Boyd, 1959) have indicated a 
more  complex spindle  structure,  in  that  the  arrange- 
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diameter of the intrafusal fibers, which fall into two dis- 
tinct size groups. In the particular rabbit spindle that he 
used for his main reconstruction, Barker found that one 
pole  was  innervated  by  one  medium-sized fiber  only. 
The diameter of this fiber near the spindle was 4.8/~ in 
the silver preparation.  He quoted other observers who 
had seen similar one-axon innervation of a pole. 
Apart  from  the last  example,  the  diameters of the 
sensory fibers given above refer to measurements of the 
fiber diameters in peripheral trunks and dorsal roots; in 
and  around  the  spindle  the  nerve  fibers  are  smaller. 
Barker did not see an  3  ' spindle nerve fiber greater than 
12/x in diameter in rabbits, but found one of nearly 15 g 
supplying a  cat  spindle.  Sherrington  (1894-95),  using 
silver preparations of cat  and  monkey', measured  two 
sensory spindle nerve fibers of 8 and 12 #  in diameter. 
Batten  (1897),  using Sihler's technique, reported affer- 
ents with diameters of 8 to 10 #  in man and 8 #  in dog. 
Barker found the afferents from rabbit and cat myotube 
endings to be from 6 to 9 #  in diameter. 
Barker  agreed with Sherrington, who reported  that 
the afferent nerves, approaching their first subdivision 
at  the spindle, increase in  total  diameter  because,  al- 
though  the myelin becomes thinner,  the axis cylinder 
becomes thicker.  The first division may  be outside or 
inside the spindle. 
To  follow the development of the physiological 
concepts  relating  to  the  muscle  spindle  would 
require  a  lengthy  review.  It  is not possible to  do 
justice  to  the  physiological  work  in  this  brief 
account, and a  number of workers  who have  made 
significant  contributions  cannot  be  mentioned. 
Thus,  the  following  introductory  remarks  are 
restricted  to observations  that  are  basic and  that 
seem  to  be  relevant  to  the  morphology  to  be 
described below. 
Adrian and Zotterman in 1926 described the electrical 
response resulting from stretching a single end organ in 
a  muscle. 
Matthews (1929,  1931  a  and b,  1933),  working with 
amphibian and  mammal,  demonstrated the pattern  of 
response of the Golgi tendon organ, and of the muscle 
spindle through its slow and  fast afferents. His work is 
unchallenged. These patterns of response are now used 
in  physiological  work  to  determine  the  origin  of  a 
specific signal in a  muscle system. 
This  work  confirmed the prediction of  Fulton  and 
Pi-Sufier (1927-28)  that the Golgi tendon organ and the 
muscle spindle would behave differently when the mus- 
cle is contracting.  During  the contraction of a  muscle 
the tendon organ, being in series with the load on the 
attachments  of  the  muscle  fibers,  is  presumably  dis- 
torted, and it discharges. The rate of discharge is pro- 
portional to  the tension.  The  spindle fibers, however, 
are in parallel with the extrafusal fibers, and when the 
latter  contract  they  relieve  the  load  on  the  spindle, 
which momentarily ceases to  discharge, or reduces its 
rate of discharge. 
Leksell  (1945)  recorded the action potentials of the 
group of small (gamma)  motor fibers, which have a  di- 
ameter of less than 8 #  and conduct at velocities of less 
than 55 m./sec, in the mammal. He found that they have 
a very high threshold in the peripheral nervous system, 
that  they  cause  no  visible  muscular  contraction,  but 
that  they have a  profound effect on the nature of the 
afferent discharge from the muscle. He concluded that 
they  consist  entirely  of  motor  fibers  for  the  muscle 
spindles. This work laid the foundation for the very im- 
portant  concept of the part played  by the small-fiber 
motor system in the control of muscle activity. It pro- 
vided  evidence that  the  contraction  of the  intrafusal 
fibers can  stretch the sensory receptors on the central 
regions of the fibers, thus causing an afferent discharge. 
Hence the response of the receptor to outside forces can 
be modified by the central nervous system. 
Lloyd (1943)  investigated  the hind  limb reflexes of 
the cat. He found that large rapidly conducting afferent 
fibers mediate the two-neuron myotatic reflex. In this 
reflex  the  afferents discharge  the  motoneurons of the 
same muscle, and subliminally excite the motoneurons 
of the synergists of that muscle. The two-neuron myo- 
tatic  reflex  includes  the  extensor  reflex  (the  extensor 
tendon-jerk)  and the flexor tendon-jerk. He also found 
that  the  flexion reflex proper  is  mediated  by  a  more 
slowly conducting afferent limb of a reflex arc of at least 
three neurons. The afferents of this arc excite the moto- 
neurons of ipsilateral physiological flexor muscles, and 
inhibit the motoneurons of ipsilateral physiological ex- 
tensor or antigravity muscles. The works of Matthews 
(1933)  and  of  Hunt  (1953),  taken  with  this  work  of 
Lloyd, suggest that the nuclear bag is the origin of the 
rapidly conducting afferent of the extensor reflex; that 
the myotube is the origin of the slower afferent of the 
flexion reflex; and that the Golgi tendon organ gives rise 
to a  fast afferent impulse, which probably inhibits the 
extensor reflex. 
Eldred,  Granit,  and  Merton  (1953),  in  discussing 
supraspinal  control  of  the  spindles,  suggest  that  the 
gamma efferents are influenced by higher centers that 
can cause them to produce intrafusal contraction, which 
would then initiate the spinal reflexes. Thus the gamma 
efferent system may  be  used in  the  higher control of 
motor activity. 
Kuffier  and Hunt  (1952)  have prepared an account 
of the early work on the small-nerve motor system of 
the mammal, and of its probable role. 
Thus  the spindle has been shown to be  a  com- 
plex sensory organ.  Like a  strain gauge,  it detects 
an  increase  in  length  of  the nuclear  bag,  and,  in 
many  cases,  of  the  myotube  region  as  well.  A 
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by a  change in an external force altering the length 
of the whole muscle, by an effective contraction of 
the extrafusal fibres shortening the muscle,  or by 
a  change in length of the contractile polar regions 
of  the intrafusal fibres under  the  influence of  the 
gamma  efferent  fibres.  If  the  resultant  of  these 
length  changes causes a  stretch  of  the  equatorial 
region,  the  spindle  afferents  discharge.  The  fre- 
quency  of  the  discharge  is  proportional  to  the 
tension on the intrafusal fibre, and may vary over 
a  range from zero in relaxed muscle to hundreds of 
impulses  per  second  at  maximum  stretch. 
For  the spindle  to be an  effective detector,  the 
nuclear bag  must  always  be under  sufficient  ten- 
sion  to  bring the stretch-receptor endings at least 
close  to  the  threshold  of  firing.  Thus,  in  a  con- 
tracted muscle there is considerable activity in the 
gamma efferents, and even in relaxed muscle there 
is some. 
The spindle and Golgi tendon organ are but two 
of  the  receptors  concerned  with  the  feed-back 
loops  involved in  regulation of muscular  contrac- 
tion.  The  sensory  endings  of  skin,  connective 
tissues,  joints,  and  the  special  senses,  play  their 
part in sending information to the central nervous 
system.  The  precision  with  which  this  complex 
works  is,  of  course,  the  basis  of  survival  and 
mechanical skills.  The understanding of it will  be 
increasingly important in the stady of pathological 
states of the motor system. 
Some  details  of  spindle  morphology  have  been 
the cause of argument.  Evidence  is  conflicting or 
inadequate  concerning  the  following  aspects  of 
mammalian  muscle  spindles: 
1.  The  morphology  of  the  motor  endings  and 
the extent of the motor innervation. 
2.  The  morphology  of  the  sensory  endings and 
their  relationships  to  the  intrafusal  fibre. 
3.  The  nature  of  the  intrafusal  muscle  fibre in 
its  different  zones;  whether  it  belongs  to  either 
"red"  or  "white"  muscle; and  whether  the fibres 
may show any feature that might lend support to 
certain  physiological  evidence  (Hunt  and  Kuffler 
1951  a) that they are similar to the muscle fibres of 
the  small-nerve  motor  system  of  the  frog,  which 
are  capable  of  slow  non-propagated  contractions 
only. 
There  are  excellent  reviews  of  the  anatomical 
literature  by  Sherrington  (1894  95),  Batten 
(1897),  Hinsey  (1927-28),  Hines  (1927),  Barker 
(1948),  and Tiegs  (1953).  Hines also  reviewed the 
literature on "red" and "white" muscle in 1927. 
An  excellent  approach  to  the  physiological 
literature up to 1955 can be found in the published 
volume  of  the  Silliman  Lectures  delivered  by 
Granit  (1955).  This  contains a  most  comprehen- 
sive  bibliography and  sound  conjecture  in  a  well 
reasoned presentation. 
Robertson  (1956 b)  has made some observations 
on  the spindles of  frogs with  the  electron  micro- 
scope.  There are  some gross  differences,  however, 
between  frog  and  mammalian  spindles. 
The present paper reports on an attempt to use 
the high  resolution of  the  electron  microscope  on 
some of the problems relating to the fine structure 
of  the  muscle  spindle  in  the  paw  muscles  of  the 
rat.  ()wing  to  the  complex  nature  of  the  muscle 
spindles  encountered,  and  to  the  technical  diffi- 
culties  in  specimen  preparation,  many  problems 
remain. Hence,  this study is no  more  than intro- 
ductory  in  nature. 
Materials  and Methods 
Two- to 3-month-old albino rats were used. 
Sometimes  fixation  which  was  accomplished  while 
the animals were under ether anesthesia was by aortic 
perfusion of 1 per cent ice cold Palade's (1952) OsO4 fix- 
ative at pH 7.5. Better results were obtained by directly 
injecting into the area an ice cold mixture of 5 per cent 
OsO4 diluted to 4 per cent by addition of standard Mi- 
chaelis buffer (1931) to produce a pH of 7.5. In the case 
of  lumbricals and  interossei  the  fixative was  injected 
into the carpal  tunnel of the forepaw.  This distended 
the  fascial  spaces  along  the  flexor  tendons.  The  toes 
were  immediately severed  through  the  proximal  pha- 
langes, and the paw, still attached to the loaded needle 
and syringe, was severed above the wrist. Paw and syr- 
inge  were  then covered  with crushed  ice.  Every  few 
minutes a few drops were forced from the syringe. This 
caused fixative to ooze from the stumps of the toes. The 
aim was to force the fixative to flow along the region of 
the lumbricals, which pass from flexor  tendons in  the 
palm to extensor expansions over the proximal phalan- 
ges. In the hind foot the procedure was the same, except 
that the injection was into the flexor tendon area in the 
center of the sole.  The deeper interossei seemed  to be 
fixed quite as well as the lumhricals. 
The dissection after aortic perfusion was commenced 
immediately the injection was finished, and as the mus- 
cles were removed the3" were dropped into ice cold fixa 
tive.  The  dissection  after  local  injection was  delayed 
until fixation was completed and dehydration had com- 
menced: the paws were carried into the low alcohols at 
room temperature by changing the contents of the sy- 
ringe  to  water  and  then  to  30 per  cent  ethanol.  The 
muscles were then dissected as rapidly as possible under 
30 per cent ethanol. 
As it seemed pointless to establish a state of equilib- 
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the muscles were left in each concentration only so long 
as  would  probably establish a  reasonable gradient of 
concentration through the surface layers. If this gradi- 
ent could be maintained in small steps to the center of 
the tissue until the block was in absolute alcohol, the 
most rapid  dehydration would  be achieved with,  per- 
haps,  the least damage.  The alcohol was  increased in 
strength every 2 or 3 minutes by 10 per cent steps from 
30 per cent to absolute. The muscles were left in abso- 
lute alcohol for 15 minutes, then transferred to n-butyl 
methacrylate, and embedded after several hours. Poly- 
merization was initiated at 50°C.  with pure crystalline 
2,4-dichlorobenzoyl peroxide. 
Spindles could not be identified in blocks of osmium- 
fixed mammalian muscle by examination with a dissect- 
ing microscope. Orientation of the block for cutting was 
difficult. 
The embedded muscle was fixed with dental modelling 
wax  to  a  piece  of  plastic  rod  held  in  the  microtome 
chuck.  Successive sections,  1 #  thick,  were  cut  trans- 
versely to  the  muscle  fibers and  examined  by  phase 
contrast microscope until a spindle could be recognized 
as it was first cut through the tip of a polar region. The 
block was then removed from the wax bed, and the cut 
face was examined with an incident-light microscope at 
about  X  200  magnification.  After  adjustment  of  the 
angle of the cut face to the axis of the microscope the 
outlines of the tissue could be seen faintly. The image of 
the face was compared with the phase contrast image of 
the section, and the spindle identified in the block. The 
block was then trimmed, both by hand and in a micro- 
tome, until most of the muscle had been removed from 
three faces around what was judged to be the axis of the 
spindle. The use of wax allowed the block to be reset 
when  necessary.  Finally,  the  trimmed  block  was  ori- 
ented for oblique longitudinal sectioning. This type of 
section was chosen because it is more informative than a 
transverse one while still providing for many sections 
through the spindle. An entire longitudinal section of a 
spindle  is  too  long  for  the  electron  microscope  grid. 
Moreover, it gives little margin for error in adjusting 
the block. Even with oblique orientation, adjustments 
were  extremely  critical  when  the  knife  was  changed. 
Preparing a block successfully for sectioning usually oc- 
cupied 2 days. Unfortunately, those spindles that were 
cut in the most favorable planes were, for the most part, 
from muscles that had been fixed  by vascular perfusion 
rather than from the better preserved muscles that bad 
been fixed and dehydrated in situ. 
Sections  reflecting interference colors  from  pale  to 
deep gold  were chosen and examined with a  modified 
RCA EMU2C electron microscope fitted with a  250 # 
condenser  aperture,  a  50 #  objective aperture  in  the 
back focal plane of a compensated objective lens, and 
a  special  stabilized power supply.  Canalco equipment 
was used for compensation. 
Kodak  contrast and Kodak  experimental fine grain 
positive emulsions, and D19 developer, were used. 
OBSERVATIONS 
The Capsule 
The capsule is made up of about  six remarkably 
thin,  concentric,  tubular  sheets  of  the  cytoplasm 
of  specialized  fibroblasts.  These  cells  are  here 
termed  "capsular-sheet  cells"  (Figs.  1  to  6).  In 
most areas,  the  cytoplasm  of  capsular-sheet  cells 
varies from 1000 to 3000 A  in thickness, but small 
portions of it may  be as  thin as 300 A  between 
plasma  membranes.  Owing  to  the  possibility  of 
there  being significant angles of obliquity in  thin 
sections,  the  dimensions  given  are  only  approxi- 
mate.  The  concentric  sheets  are  separated  by 
spaces  that  range  from  a  few  hundreds  to  a  few 
thousands  of  Angstrom  units  in  width.  In  these 
spaces  are  scattered  collagen  fibres  and  the 
amorphous material that tends to concentrate in a 
narrow  layer  with  vague  external  limits  against 
the plasma membranes of cells where they have a 
free surface in a  tissue space.  For want of a  better 
name this amorphous layer is usually referred to as 
the  "basement membrane." The  dense portion  of 
the  basement  membrane  is  separated  from  the 
dense portion  of  the plasma  membrane  by a  less 
dense  layer  that  is  about  200  A  thick.  Porter 
(1954)  described  this  lighter  layer  in  the  sarco- 
lemma and  called  it  the  "cuticular layer." 
In the spindle capsule  the basement membrane 
is well developed on both sides of each sheet, and 
is especially thick on the inner surface of the inner- 
most  capsular-sheet  cells  lining  the  periaxial 
space  (Fig.  2). 
Conditions  found  between  neighbouring sheets 
vary.  Where the plasma membranes of neighbour- 
ing sheets are separated  by a  distance  of  1000  A 
or  more..,  the  amorphous  basement-membrane 
material shows a  ragged separation as though torn 
apart  (Figs.  2, 3, and 5). When the plasma mem- 
branes are from 400 to 600 A  apart the interspace 
is filled with basement-membrane material, which 
may be  of  uniform  density,  or  may have a  faint 
dense line in  the position of  the apposed  surfaces 
of  the  two  fused  basement  membranes  (Fig.  2). 
In  some  places  the  plasma  membranes  are  from 
200  to  300 A  apart.  Isolated  desmosomes  or  at- 
tachment plaques  serve  to  bring  the  sheets  into 
intimate  contact  (Fig.  2). 
The capsular-sheet cell cytoplasm contains small 
mitochondria,  scattered  small  particles,  caveolae 
intracellulares,  and  oval  vesicles  a  fraction  of  a 
micron across.  Some vesicles are filled with many 
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caveolae is very striking, and many of them nearly 
extend from  one  side  of  the  sheet  to  the  other 
(Fig. 2). 
The capsular-sheet cells of each layer are closely 
apposed at the edges (Fig. 3) to form a continuous 
sheet.  Except  where  the  nerves  enter the  cap- 
sule,  the sheets  formed  by the  cells  seem  to be 
complete  and  without  pores  or  fenestrations. 
These  capsular-sheet  cells  are  associated  with 
collagen fibres and are similar to those in the cap- 
sule of the muscle spindles of the frog  (Robertson, 
1956) and to those in the capsule of the mesenteric 
Pacinian corpuscles of the cat (Pease and Quilliam, 
1957).  Furthermore, the capsule cells seem  to be 
similar to  those  that  form  the  sheath  of  Henle 
round small nerve trunks. The Henle sheaths of 
the nerves entering the spindle are continuous with 
the capsule. 
A flocculent precipitate often fills the periaxial 
space (Figs.  1, 2, and 15). It resembles  the precipi- 
tate from plasma in blood vessels. It is found in no 
other part of the muscle, neither inside nor outside 
the spindle. 
Around  the  poles,  the  capsule  usually closely 
invests  the  intrafusal muscle  fibres  and  nerves, 
which lie in the  delicate sheath  of  endomysium. 
Bands of material tentatively identified as elastic 
tissue,  of  irregular outline and  medium density, 
lie  in  the  capsule  and  within  the  endomysium 
(often  against  the  muscle  fibres)  in  the  polar 
regions  (Figs.  5,  10,  and  22).  No  sections have 
been obtained through the  attachments of  either 
end of  the organ  to  tendon or endomysium. 
Small arterioles and  capillaries have been  seen 
in the outer layers of the capsule, but none have 
been found to pass  through the capsule  (Fig.  1). 
The largest myelinated nerves are seen to pene- 
trate the capsule towards the axis in the equatorial 
region.  In  this  series  the  profiles  of  the  largest 
nerves found were  no greater  than about 5/z  in 
diameter.  In  sections  their  outlines  vary  from 
almost circular to bizarre shapes  (Figs.  I  and 5). 
These variations may be due, in part, to the rela- 
tion of the plane of section to normal convolutions, 
and partly to  distortions arising during prepara- 
tion. Sometimes two fibres of very different sizes 
lie  close  together,  but when  the  myelin lamellae 
of each are counted the numbers may be the same. 
The range of number of lamellae has been found 
to  be from  15  to  27,  with a  peak around  18.  An 
occasional axon, with the lower number of lamellae, 
has  been found in the polar capsule just beyond 
the end of  the myotube. 
Two or three unmyelinated axons, of I # or less 
in diameter, are usually found in the same sheath 
with the larger nerves (Fig. 5). Small unmyelinated 
axons, either partly or wholly enclosed in Schwann- 
cell  cytoplasm are  scattered  in  the  capsule  and 
endomysium (Figs.  4,  6, and  12). 
Unmyelinated axons,  at least  3 V in diameter, 
devoid of  Schwann-cell covering, and with many 
mitochondria, were found in one spindle, in a small 
Henle  sheath  deep  in the  capsule  in  what  was 
probably the  equatorial region. 
It should be emphasized here that, owing to the 
chance relationships of the plane of section to  the 
axis  of the nerve, and to artefacts of preparation, 
dimensions recorded  from thin sections through a 
winding nerve are not very reliable. 
The endomysium is continuous with the inner- 
most layer  of  the  capsule  in  the  polar  regions 
(Figs.  5 and 8). In the equatorial zone,  the endo- 
mysium separates  the  intrafusal fibres  from  the 
periaxial space.  The intrafusal fibres are separated 
from each other by single sheets of endomysial cell 
cytoplasm.  The  sheets  are  generally  without 
fenestrations,  but  were  frequently  damaged  in 
preparation of  these  specimens  (Fig.  8).  An  ex- 
ample  of  a  discontinuous  endomysial  sbeet  is 
seen  in  Fig.  15.  The  endomysial and  capsular- 
sheet  cells  seem  to  have  a  similar structure,  al- 
though there tend to be fewer vesicles and caveolae 
in  the endomysial cytoplasm  (Figs.  2 and  16). 
Intrafusal Muscle Fibres 
No spindles were  identified at the  attachments 
to the connective tissue; therefore, it is not known 
yet whether  the  structure of  the  attachments of 
the intrafusal fibre differs from that of the ordinary 
myotendinal junctions of the extrafusal fibre. 
Polar Regions: 
In their polar  regions the  intrafusal fibres  are 
nearly  filled  with  myofilaments.  The  elongated 
nuclei of the fibresare usually centrally placed and 
widely  spaced,  and  lie  with  their  long  axes 
parallel to those of the fibres.  The textures of the 
intrafusal and  neighbouring extrafusal  fibres  are 
strikingly different:  with  one  exception  (Figs.  9 
and 20)  the spindle fibre in the polar region  was 
found to have much less interfibrillar sarcoplasm. 
The margins between the  myofibrils of  ordinary 
mammalian skeletal  muscle  are  well  defined  by 
sarcoplasmic material. This definition is not nearly 
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fibres  because  the  myofibrils are  tightly packed, 
and contain little interfibrillar reticulum (Figs.  8 
and 10). In the polar regions of the spindle fibres 
in  Fig.  20,  however,  division  into  myofibrillar 
units is  much more  definite.  The fibrils vary  in 
size even in the most regular array; and branching 
of  myofibrils is common, but is usually not con- 
spicuous because of the poor development of inter- 
fibrillar substance. 
The arrangement of the sarcoplasmic reticulum 
in rat sartorius muscle has been described in great 
detail by Porter and Palade  (1957).  They recog- 
nize, in particular, a triad of elements of the reticu- 
lure  that  partly  encircles  the  myofibrils at  the 
junction of  the  A  and  I  bands.  Similar "triads" 
are  found  in  the  polar  region  of  the  intrafusal 
fibre (Fig. 8). In the intrafusal fibres the triads are 
frequently  conspicuous  because  the  peripheral 
vesicular components (the era of Porter and Palade 
(1957)) tend to be dilated and to have low internal 
density (Figs.  7 and 8). All the micrographs in this 
series,  however,  suggest  that  the  intrafusal triad 
does not extend nearly so far around the circum- 
ference  of  its  myofibril  as  does  the  extrafusal 
triad. The extent of the intermediary vesicles in the 
triad labelledt in Fig. 9 is greater than any seenin 
other  intrafusal  fibres,  whereas  considerably 
longer lengths or rows of intermediary vesicles are 
commonly seen in the extrafusal fibres. 
Scattered small mitochondria occur.  Sometimes 
they  are  found  in  clumps,  many of  which  may 
have been close to nuclei out of  the plane of sec- 
tion.  As  in other  muscle fibres,  the  nuclei  are 
associated  with  very  active-looking  cytoplasm 
(Figs.  8  and  9).  Around  them  are  many mito- 
chondria  of  various  shapes,  stacks  of  smooth 
vesicles  suggestive of  Golgi  bodies,  an occasional 
array  of  ergastoplasm  or  vesicles  studded  with 
external granules, and scattered small vesicles and 
particles. Sometimes vesicles  up to  1/~ ~  in diam- 
eter, associated with Golgi bodies and containing 
a  pale  amorphous material, are  continuous with 
slit-like  membrane-bounded  channels  that  are 
lost  among  a  number  of  small  vesicles  imme- 
diately  beneath  the  sarcolemma  (Fig.  9).  The 
perinuclear cytoplasm  of  the  intrafusal fibres  is 
more  complex  and  extensive  than  that  of  the 
extrafusal fibres. 
Myotube Region: 
The full development of  the myotube in which 
myofilaments are confined to a  narrow peripheral 
zone is seen only for a  short distance adjacent to 
the nuclear bag. There is a gradual transition from 
the morphology of the polar region to that of the 
myotube. There  is a  progressive increase in  the 
number of the centrally placed nuclei, and in the 
volume of the cytoplasm surrounding them, with 
increasing distance along  the  myotube from  its 
polar end (Figs.  11, 12, and 15). At the same time 
there is a  progressive loss  of myofilaments until, 
near the nuclear-bag end,  they are confined to a 
narrow and continuous peripheral zone (Fig.  12). 
In a longitudinal section of the nuclear-bag end of 
the myotube, the peripheral shell of myofilaments 
looks like a single myofibril at both borders of the 
ill)re.  It  is  not  known  how  the  myofilaments 
terminate in those fibrils that fail to pass through 
the length of the myotube. It cannot be seen in the 
micrographs whether myofilaments end at a  par- 
ticular part  of  the  sarcomere,  or  even  whether 
there  is a  fusion of  one fibril with  its neighbour 
during the reduction process. 
Generally, there are  more interfibrillar formed 
elements in the myotube regions than at the poles, 
but there are evidently exceptions (Fig. 15). These 
interfibrillar elements are  continuous with  those 
of the subsarcolemmal and central-core cytoplasm. 
Nothing definite can be said concerning the rela- 
tionships, if  any,  between  the  Golgi  bodies and 
granular ergastoplasm, on the one hand, and por- 
tions  of  the  reticulum peculiar  to  the  different 
zones of the sarcomere on the other, since consist- 
ent  associations have  not  been  recognized.  The 
reticulum around the myotube sarcomeres  is well 
developed  (that  in  Fig.  15  excepted),  and  the 
outer vesicles of the triad at the A-I junction are 
conspicuous  and  often  have  very  low  internal 
density (Figs.  7,  11, and 15). 
The central core of cytoplasm contains a mass of 
formed  elements  (Figs.  11  and  15). There  are 
many round, oval,  or  elongated smooth  vesicles, 
which may be 700 A or less in diameter, and many 
elongated nuclei. There are large vesicles  of vari- 
ous types: those  associated  with the zones of the 
sarcomeres are seen along the inner surface of the 
contractile tube (Fig. 7). Towards the centre of the 
core are large vesicles, J.~ to !~ # in diameter: they 
are round or oval and contain either nothing recog- 
nizable or  a  number of  small  vesicles  of  about 
600 A in diameter. They are similar to the vesicu- 
lar  conglomerates  of  Yamada  (1955) and  the 
compound  vesicles  of  Sager  and  Palade  (1957), 
and are  probably parts  of  Golgi bodies.  Several 
portions of  Golgi body are visible in a  section of 
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similar  large  vesicles,  contain  very  fine  dense 
particles, which obscure the interior of the vesicles 
(Fig. lf). 
A few granules (Fig.  15) are found in the core of 
the  myotube and  occasionally under  the  sarco- 
lemma of  the  myotube or  polar  regions.  In  the 
sections the granules are about 1.5 # in diameter, 
but they appear  to  have  shrunk away  from  the 
surrounding  cytoplasm.  They  are  of  unknown 
composition.  They  probably  contain  lipid,  al- 
though they frequently have a lower density than 
might be expected  of pure lipid. 
Nuclear-Bag Region: 
At the junction between the myotube and the 
nuclear bag there is a  sudden change in the rela- 
tive volumes of  the  components. In the  nuclear- 
bag region (Figs.  13 and  14)  the peripheral shell 
of myofilarnents  is still present, but is thinner than 
in  the  myotube.  In  the  myotube  the  nuclei lie 
singly in the  axis,  and  they are  surrounded  by 
much  sarcoplasm.  In the  nuclear-bag region  the 
number of  nuclei is very much  increased at  the 
expense of  the sarcoplasm,  which  is confined  to 
narrow and irregular areas  between some  of  the 
nuclei, around the myofilaments, and beneath the 
sarcolemma.  All  the  sarcoplasmic  elements  de- 
scribed  above  are  present;  the  relative  propor- 
tions are hard  to  estimate, but sections of  mito- 
chondria seem  smaller and fewer  compared with 
those in the myotube sarcoplasm. 
The  shell  of  myofilaments, in some  if  not all 
places,  has  Z  bands  which  are  very inconspicu- 
ous (Fig.  13). The density of this contractile shell 
is low  in all  sections of  the  nuclear bag  in  this 
series;  but this does  not seem  to  be due to any- 
thing  lacking  in  the  structure  of  the  filaments, 
because thick A and thin I  band filaments have 
been  identified.  However,  sections  through  the 
shell  are patchy  in  appearance,  and  outlines of 
vesicles of the cytoplasm can be  seen in irregular 
concentrations through the images of the filaments 
(Fig. 14). This indicates that the fine sarcoplasmic 
reticulum is running amongst very small bundles 
of filaments, and in a thin section, the effect of this 
is to displace some of the myofilaments and to pro- 
duce a confusing picture. In one very small intra- 
fusal fibre,  which  had  an unusually short nuclear 
bag, there were wisps of myofilaments between the 
nuclei  (Fig.  13);  however,  internuclear myofila- 
ments were not seen in any other nuclear bag. 
The nuclei seem unremarkable apart from their 
number.  Their  membranes  and  contents  show 
no  specializations  beyond  those  of  most  mam- 




In a longitudinal section of the nuclear bag, the 
nerve ending appears  as  a  series  of  transversely 
cut sections deeply indenting the  borders of  the 
bag at intervals on both sides (Fig. 13). Thus, the 
plasma  membrane and  myofilament shell  of  the 
nuclear bag are forced  down into valleys between 
the bulky nuclei. It can be seen in grazing sections 
that these endings often extend in a parallel array 
of  narrow bands round the  circumference of  the 
muscle at  an  angle nearly perpendicular to  the 
long axis. These bands are the annular or annulo- 
spiral type of nuclear-bag endings. 
In this fixed  material  the  endings  indent  the 
muscle fbre so  that only a  small bulge of  nerve 
substance  rises  above  the  general  surface  level. 
Cross-sections  of  the  endings  (in a  longitudinal 
section of  muscle)  are  somewhat  triangular with 
rounded  angles  and  convex  sides.  They  are 
bounded  by  a  plasma  membrane.  Many  dense 
mitochondria make the endings conspicuous. The 
endings also  contain a  few  vesicles  from  200  to 
700 A in diameter lying amongst a  general back- 
ground of  patchy amorphous material  (Fig.  14). 
The  endings are  devoid of  Schwann cells.  The 
basement membrane of the muscle is not depressed 
with  the  plasma  membrane,  and  is  continuous 
over the  free  surface  of  the  ending.  There is  no 
basement membrane between  the  plasma  mem- 
branes of nerve and muscle. The visible dense por- 
tions of the plasma membranes of nerve and muscle 
are separated by a distance of about 200 A at their 
closest  approach.  In all sections obtained of this 
area, however,  the preservation of detail left much 
to be desired: all the neuromuscular junctions are 
thrown into many small folds,  so  that,  in many 
places on the perimeters of the endings, the plasma 
membranes were cut so obliquely that they cannot 
be  identified  (Fig.  14). The  cytoplasmic vesicles 
lying against the plasma membranes of nerve and 
muscle may overlie the obliquely cut membranes 
in a  thick  section, and may give  the  impression 
that the vesicles are penetrating through breaks in 
the membranes (Fig.  14). Until pores are proved 
from micrographs of better resolution, the plasma 
membranes should  be considered to be intact, and 
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fusion  of  nerve  and  muscle  plasma  membranes 
around a  well  defined pore has not been seen in 
this series. 
Under the nerve ending myofilaments are very 
close  to  the  plasma  membranes, and,  as  stated 
above, vesicles seem to lie among small bundles of 
the filaments. 
The  shape  and dimensions of  cross-sections  of 
the nerve endings on the  nuclear bag are uncer- 
tain. There are sources  of error from irregularities 
in the shape of the nerve and muscle,  and from 
unknown obliquities of planes of  section, as well 
as from any distortions arising during preparation. 
Making reasonable allowance for  these uncertain- 
ties,  the  outlines of  sections  through  the  nerve 
endings  suggest  considerable variation  in  cross- 
sectional area and less variation in cross-sectional 
contour (Fig.  13). The shapes of the cross-sections 
range from lenticular to irregularly triangular with 
rounded corners.  Allowing for  geometrical uncer- 
tainties, the micrographs suggest diameters rang- 
ing  from  1~  to  3#,  and  the  greatest  and  least 
diameters of any one of  the cross-sections of the 
endings would fall between these limits. The end- 
ings less than 1/~ in diameter were found at one or 
other  end  of  the  nuclear-bag  region  (Fig.  13). 
These  small endings lie in slightly raised gutters 
of muscle substance; they contain a few clumps of 
vesicles,  but usually no  mitochondria; otherwise 
the  description  of  the  large  ending  applies  to 
them. 
Myotube Region: 
The  myotube  endings  resemble  those  of  the 
nuclear-bag region in that plasma membranes of 
muscle and nerve are about 200 A apart and have 
no interposed basement membranes, myofilaments 
underlie them  closely,  and  no  Schwann cells  are 
associated  with  them.  Here,  also,  some  of  the 
plasma membranes tend to be corrugated, so that 
continuity of  each  cannot be  followed  with  cer- 
tainty,  and "pores"  should be regarded  as arte- 
facts  until proved  otherwise. 
In the figures,  the myotube endings close to the 
nuclear-bag region  have  an  appearance  different 
from  those  closer  to  the poles.  The former lie in 
raised gutters of  muscle surface  (Fig.  15). Some- 
times the gutters have low walls,  but occasionally 
the  lips  meet  over  the  top  of  a  nerve  ending. 
Apart from being more rounded, cross-sections  of 
these endings resemble those on the nuclear bag. 
They contain many small dense mitochondria lying 
in a  background of scattered amorphous material 
and small vesicles.  These myotube  endings vary 
in size and show no regular pattern of distribution 
(Fig. 15). There is no suggestion of a regular spiral 
arrangement, but grazing sections show that some 
branches make  at  least  a  half  circle  round  the 
fibre.  One example of  an ending in contact with 
two muscle fibres was found (Fig. 15). 
The endings characteristic of  the polar end of 
the  myotube  extend  over  the  vague  junctional 
zone  between  the  polar and myotube regions of 
the fibre.  They are elongated parallel to  the axis 
of the muscle fibre, and often cover a considerable 
portion  of  its  circumference.  In  general,  they 
hardly bulge above the surface of the fibre,  being 
sunk into it in shallow  depressions (Figs.  16  and 
17  to  19). The  larger  sections  through  endings 
contain  many  dense  mitochondria,  although 
smaller ones do not, but the latter may be grazing 
sections through  the edges  of larger endings. 
In one specimen the  endings  on the  polar end 
of  the myotube contain closely  packed masses  of 
minute curled  bodies  that  resemble  portions  of 
curved and flattened vesicles  or short sections of 
twisted tubules (Figs.  17  to  19). In Fig.  18 these 
bodies  are  the  dominant feature  of  the  ending. 
Mitochondria with obliquely sectioned walls tend 
to be lost among them because their outlines are 
similar  to  those  of  mitochondrial  cristae.  The 
"tubules"  are  non-granular  and  about  300A 
in diameter and are  probably segments of  endo- 
plasmic reticulum of a  very delicate type.  Dense 
bodies that resemble lipid and are difficult  to cut 
are associated with this "tubular" reticulum. The 
dense  bodies  are  scattered  amongst  the  mito- 
chondria  (Fig.  17), sometimes closely  applied  to 
them; and because the ending also contains dense 
mitochondria that have been damaged or otherwise 
modified,  the identification  and  classification of 
the bodies  is difficult.  Ross et al.  (1958) reported 
finding a similar mass of fine tubular endoplasmie 
reticulum, also  associated  with  lipid droplets,  in 
the  foetal  zone  of  the  steroid-producing human 
foetal adrenal; and  they note that,  according to 
Palade  (1955),  the  smooth  surfaced  rather  than 
the  rough  surfaced  reticulum  is  found  to  pre- 
dominate in cells active in lipid metabolism. 
The raised and rounded, and the low  and elon- 
gated  forms  of  myotube  ending have  not  been 
found  on  the  same  fibre.  However,  as  complete 
lengths of  a  single myotube were  not  sectioned 
successfully  it  cannot be  proved  whether  or  not 
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Polar Region: 
The elongated form of myotube ending extends 
onto  the  ill  defined  junctional  zone  between 
myotube and pole. Again, small sections of ending 
devoid of  mitochondria  are  seen,  but  they  may 
be  grazing  sections  of  larger  endings. 
Motor end-plates have been  found  in  the polar 
region  (Figs.  20  and  22),  but  in  this  series  no 
spindle  was  sectioned  successfully  from  end  to 
end,  and  therefore,  both  poles  could  not  be  ex- 
amined on any one spindle.  Hence, it could not be 
determined  if  motor  endings  supply  both  poles. 
The basic structure of the intrafusal motor endings 
is the same as that seen on the neighbouring extra- 
fusal  fibres,  and  described  in  skeletal  muscle  of 
the rat by Palade  (1954,  1957),  the chameleon by 
Robertson (1956 a), and the mouse by Reger (1957, 
1958).  The  intrafusal  endings  are  much  simpler 
than  the extrafusal.  Six have been  identified,  all 
from different spindles. 
Infolding  of  the  plasma  and  basement  mem- 
branes  of  the  muscle  under  the  ending  is  con- 
spicuous in the extrafusal end-plates. In the intra- 
fusal  end-plates  infolding  is  greatly  reduced  or 
non-existent.  The  few infoldings  that  are present 
are  rudimentary,  and  the  enclosed  basement- 
membrane  layer of the sarcolemma lines a  cavity 
in  the  slightly  dilated  end  of  the  fold  (Fig.  22). 
Robertson  described  similar  dilatations  in  rep- 
tilian  end-plates,  but  this  feature  is  not  pro- 
nounced  in  the  long and  complex  infolding asso- 
ciated  with  the  neighbouring  extrafusal  motor 
end-plates  in  rat  lumbricals  (Fig.  23). 
The  pad  of  sarcoplasm  under  the  intrafusal 
motor  ending  is  not  developed  into  a  large  emi- 
nence.  Thus,  the  ending  is a  micron  or less  from 
the myofilaments. All the usual sarcoplasmic struc- 
tures are present in  the small pad.  In a  section of 
the  latter,  Golgi bodies,  ergastoplasm,  reticulum, 
large mitochondria,  complex vesicles, and  vesicles 
containing  very  fine  dense  particles,  lie amongst 
small particles and vesicles surrounding one or two 
large nuclei  (Fig.  20). 
The smallest distance between the plasma mem- 
branes  of  nerve  and  muscle  at  the  junction  is 
about  500A.  In  some  places  the  nerve  plasma 
membrane  is smooth and  in others  it shows small 
ripples.  Some  of  the  deeper  of  these  ripples  re- 
semble  caveolae  (Fig.  20).  Massed  synaptic  vesi- 
cles of about 500 A in diameter cluster close to this 
membrane.  At no  time has a  vesicle been  seen  in 
the membrane complex of the myoneural junction 
in this material. 
Processes  of  a  Schwann  cell  form  an  almost 
complete cap for each intrafusal motor nerve end- 
ing.  The  basement  membrane  does  not  run  be- 
tween the Schwann cell and the nerve ending, but 
extends  from  the free surface  of one  to  the other 
at the perimeter of the end-plate.  The separation 
of  the  plasma  membranes  between  Schwann  cell 
and  nerve ending  is about  200 A. 
DISCUSSION 
Since  there  are  numerous  gaps  in  the  observa- 
tions,  it has not been possible  to construct a  com- 
plete  picture  of  the  fine  structure  of  the  muscle 
spindle. The gaps were due largely to loss of lengths 
of  the  spindle  in  the  course  of  alignment  of  the 
face of the block to the edge of a  new knife or to 
fresh portions of the knife edge. Because the glass 
knives were changed frequently during the several 
days  required  to  section a  spindle,  no  single zone 
of any one spindle has been examined completely. 
The Capsule 
The  capsule  is well developed in  these spindles 
and its structure seems to be similar to that of the 
sheath  of  Henle  of  small  nerve  trunks.  The  epi- 
neurial coat of large trunks  is able to regulate the 
internal environment to some extent. It was shown 
by  Feng  and  Gerard  (1929-30)  that  the connec- 
tive tissue sheath of a  frog nerve acts as a  diffusion 
barrier.  The  observation  is  supported  by  other 
workers  using  different  animals.  Causey  and 
Palmer  (1953)  using  P32, showed  that  the  main 
barrier  to  diffusion  is  the  epineurium;  the  peri- 
neurium  is  not  a  barrier.  It  seems  reasonable  to 
suppose  that,  as  the  trunks  become  smaller  and 
progressively lose their coats, the harrier property 
is  retained  by  the  outer  layers  of  the  sheath,  no 
matter how delicate they may be. Krnjevi~ (1955) 
demonstrated  a  high  concentration  of  Na  and  K 
in  the fluid of cat nerves and  considered  it  to  be 
associated with connective tissue protein.  He  also 
concluded that a mechanism in the sheath pumped 
water  out  of  the  system;  thus,  a  high  internal 
hydrostatic  pressure  was  prevented. 
The  structure  of  the  thin  continuous  sheets  of 
cytoplasm in the capsule suggests that  their func- 
tion  is  to  maintain  and  activate  the  two  plasma 
membranes of lipoprotein in each sheet. The pres- 
ence  of  numerous  caveolae and  vesicles  suggests 
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1956).  These  observations suggest  that  the  cap- 
sular-sheet cells have an active role  in regulating 
the  internal environment of  the  spindle.  Intra- 
fusal or extrafusal metabolic products, or nervous 
innervation of  the  capsule,  may  influence  the 
passage  of  materials  across  the  capsular-sheet 
cells.  If  the  intracapsular environment could  be 
altered, the response of both intrafusal muscle and 
nerve might be varied. Unfortunately, it would be 
very difficult to insert microelectrodes or pipettes 
through  the mammalian spindle capsule in order 
to analyse the potentials and fluids.  Yet the need 
for analysis has become important in the light of 
such observations as Howarth's (1957),  that even 
changes in the tonicity of solutions surrounding an 
ordinary  muscle  fibre  can  affect  the  speed  and 
duration of its contraction. 
In the  contractile polar regions,  the  capsule is 
usually  closely  applied  to  the  intrafusal  endo- 
mysium, and the volume of  intracapsular fluid is 
very small.  Here,  movements of  relatively small 
amounts of  substance  into  or  out  of  the  intra- 
capsular  fluid  would  result  in  relatively  large 
concentration changes in the fluid.  Hence, in this 
region, the regulating effect  of the capsular-sheet 
cells on the composition ofthe fluid surrounding the 
intrafusal fibres might be  of  special  importance. 
The environmental conditions of the equatorial 
regions are  obviously different from  those  of  the 
poles.  In the equatorial periaxial space,  there is a 
considerable volume of fluid that is distinct from 
the  ordinary  extrafusal  intercellular  fluid  and 
bathes  the  thin endomysium of  the  nuclear bag 
and myotube regions.  This volume would tend to 
maintain a  constant  environment for  the  equa- 
torial sensory portions of the fibres in the  face of 
fluxes of  substance into and out of  the fibre dur- 
ing activity. Sherrington (1894-95)  suggested  that 
this capsular-space fluid might be lymph, since he 
reported finding India ink in the space after inject- 
ing  the  lymphatics of  the  limb.  If  the  capsular 
space  is  drained  by  the  lymphatic  system,  the 
capsular fluid would be a more effective  buffer or 
sink  guarding  against  concentration  changes 
engendered by fibres or capsule. 
In the sections this capsular-space fluid shows a 
flocculent precipitate,  which indicates an  appre- 
ciable  concentration  of  solid,  and  which  dis- 
tinguishes the contents of this space from ordinary 
extrafusal fluid and from the fluid in the compart- 
ments between intrafusal endomysium and fibres 
(Fig. 2).  This precipitate may represent a  residue 
of  a  protein  or  polysaccheride  complex,  which 
could have ion-exchange or  other binding proper- 
ties.  Such  material would  increase  the  effective- 
ness  of  the  presumed  buffering function of  the 
intracapsular fluid with  respect  to  rapid fluctua- 
tions in concentration. It would appear, therefore, 
that  the capsule  and  the capsular  space  should 
not be regarded as merely forming a bursa for the 
equalization of  local external forces,  or  a  simple 
mechanical  protection  for  the  fibres. 
It is generally  stated  that  lymphatics  do  not 
penetrate muscle further  than the  fascial planes 
(Yoffey and Courtice,  1956). Sherrington did not 
state whether the spindles he saw were  associated 
with  such  planes. If mammalian spindles are  all 
connected  with  the  lymphatic  system,  and  if 
skeletal muscle lymphatics are generally confined 
to the fascial planes, it would mean that a special 
system of lymphatics is provided for the spindles. 
Clearly,  investigation  of  a  possible  connection 
between  the  capsular  space  and  the  lymphatics 
should be repeated.  Furthermore, as  suggested by 
Hines and Tower in 1928, the physiological effect 
of alteration of  the capsule pressure through the 
medium  of  the  lymphatic  vessels  should  be 
explored. 
The  collagen  fibres  are  circumferential in  the 
capsule  and  longitudinal  in  the  endomysium. 
This would imply  that  the  capsular  fibres  limit 
expansion of the spindle, and that the endomysial 
fibres limit extension of the intrafusal muscle. The 
fibres could not be followed for more than a  short 
distance in these oblique sections. 
The bands of material tentatively labelled elastic 
should be considered in relation to function. These 
bands seem  to  lie  longitudinally, and,  therefore, 
would  be  in parallel  with  the  intrafusal fibres 
and tend to  unload them  in a shortening muscle. 
They would also  tend to  hold the  spindle  in the 
shortest  path  between  its  attachments.  On  the 
other hand, the bands may not be elastic material. 
If they are composed  of a  visco-elastic or viscous 
material, they would act as mechanical dampers, 
and would prevent the rapid return to rest length 
of  the  contractile polar  regions.  This  could  lead 
to the continued discharge recorded from spindles 
by Hunt and  Kuflter  (1951 a,  see  below)  after 
cessation of stimulation. 
Intrafusal Muscle Fibres 
It may be worthwhile here  to list some  of  the 
important differences  between mammalian intra- 
fusal and extrafusal muscle fibres. First, the intra- 
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extrafusal fibres.  Second,  they have a  more com- 
plex  innervation. Third,  they  vary  in  structure 
along the  length of  a  single fibre more  than  do 
extrafusal  fibres.  Fourth,  each  individual is  en- 
closed  in a  tubular sheath of flattened enomysial 
cells,  surrounded in turn by the cellular capsule: 
thus, they  may be  bathed in a  closely  regulated 
fluid  medium  that  differs  from  the  ordinary 
intercellular  fluid  surrounding  the  extrafusal 
fibres.  Fifth,  CoOrs and  Durand  (1956) reported 
that  the polar and myotube regions of  the intra- 
fusal  muscle  fibre  give  a  diffuse  positive  histo- 
chemical  reaction  for  acetylcholinesterase.  The 
nerve  endings, other  than  those  on  the  nuclear 
bag,  also  gave  this  reaction.  In contrast,  Koel3e 
and  Friedenwald  (3949),  Gerebtzoff  (1953), 
Couteaux  (1955),  and  others,  found  that  in  the 
extrafusal fibre cholinesterase activity is confined 
to  the  motor  end-plate.  Sixth,  with  respect  to 
physiological  behaviour,  Kuffter,  Hunt,  and 
Quilliam  (1951) demonstrated  afferent  responses 
that  suggest that spindle fibres  can be driven to 
follow  stimulation of  the  motor  nerves  at  fre- 
quencies considerably higher than those  to which 
the  extrafusal  fibres  will  respond  with  discrete 
twitches.  Moreover,  Hunt  and  Kuffler  (195l a) 
postulated  that,  following  prolonged contraction, 
intrafusal fibres  relaxed  more  slowly  than extra- 
fusal fibres.  This was  their interpretation of  the 
observation that  the afferent  discharge from  the 
spindle  continued  for  several  seconds  following 
cessation of prolonged stimulation of the efferents 
to  the  intrafusal fibres.  In  the  same  paper  they 
suggested  that  the contraction is not propogated 
along the intrafusal fibre. 
The picture is  complicated by brief reports  of 
more  than  one  type  of  intrafusal fibre  in  some 
spindles (Boyd,  •959).  There are references  in the 
literature to similarities that seem to exist between 
the  intrafusal  fibres and  one  or  other  type  of 
extrafusal fibre.  Granit (1955) mentions this ques- 
tion as being of some physiological interest because 
some "red" muscles are generally said to contract 
more  slowly  than  "white."  The  relationships 
between the structure, as seen with the naked eye 
and  the  light  microscope,  and  the  function  of 
skeletal  muscle  fibres  are  not  simple  (Denny- 
Brown,  1929). The picture becomes  most confus- 
ing when the muscles of different species are com- 
pared.  Bullard  (1912-13),  Hines  (1927),  and 
Denny-Brown  (1929),  preferred  to  speak  of 
"granular" and "agranular" fibres  rather than of 
"red" and "white."  The  smaller extrafusal fibres 
in a  mixed  muscle  tend  to  be  of  "granular" or 
"red"  type,  whereas  the larger fibres  are  preva- 
lently "agranular" or  "white." 
Sherrington  (1894-95)  spoke  of  the  intrafusal 
fibres  as  belonging  to  the  "red"  group.  Hines 
(1927)  noted  that  the  "granular"  extrafusal 
fibres  stained with methylene blue more quickly 
and  more  intensely than  did  the  "agranular." 
The intrafusal fibres,  when stained in a like man- 
ner, were  found to  occupy an intermediate posi- 
tion  between  "granular"  and  "agranular"  fibres 
with  respect  to  speed  and  intensity of  staining. 
However,  Denny-Brown (3929),  who  used  alka- 
line Sudan III for  contrast, presented  the  intra- 
fusal fibre as an example of a highly differentiated 
"clear"  or  "agranular" fibre. 
The  electron  microscope  study  reported  here 
has  failed  to  settle this  question of  classification 
of intrafusal fibres.  Myoglobin, which is the char- 
acteristic  colouring  matter  of  many  "red" 
muscles, has not been recognized in electron micro- 
graphs.  The  myoglobin  content  of  intrafusal 
fibres  is not known. The large vesicles  containing 
fine dense particles,  seen  in  the  intrafusal fibres 
in  these  micrographs,  resemble  the  "sidero- 
somes" described  by Richter (1957) in liver cells. 
If the particles prove to be ferritin they may have 
significance  in  relation  to  myoglobin concentra- 
tion. "Red"  muscles have been described as con- 
taining  more  "dark"  fibres  than  do  "white" 
muscles.  These  "dark"  fibres  contain  many 
granules  such  as  fat  droplets  and  mitochondria 
(Krause,  3864; Knoll, 1889, 3891; Bullard,  3912- 
13;  Denny-Brown,  1929). Such  differences  have 
not  been  investigated  with  the  electron  micro- 
scope.  In  the  myotubes  studied  here,  there  are 
many  organelles  and  some  lipid-like  granules. 
This suggests a very active metabolism, with lipid 
as  an  important  participant.  Many  sections 
through  the polar  regions,  however,  show  very 
few mitochondria and no lipid granules. The dis- 
tribution  and  abundance  of  the  sarcoplasmic 
reticulum may eventually be correlated  with  the 
colour or granularity of muscle. But the problem of 
the  sarcoplasmic  reticulum  was  neglected  after 
the classical work of Veratti in 1902, until interest 
in  this  structure  was  renewed  by  Bennett and 
Porter in 1953. Although Porter and Palade (1957) 
have advanced considerably our knowledge of the 
reticulum, no details of fine structure peculiar to 
"red,"  "white," or "granular" muscle fibres  have 
been recognized.  The function of the reticulum is 
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that it may have a  role  in impulse  transmission. 
The  degree  of  development of  the  reticulum in 
relation to its function is relevant to the problems 
of the nature of the intrafusal fibre; for example, 
Hunt  and  Kuflter  (1951 a)  suggested  that  the 
contraction wave is not propagated. In this series 
of  micrographs,  the  intrafusal  sarcoplasmic 
reticulum  of  the  poles  is  less  conspicuous  than 
that of the myotubes and neighbouring extrafusal 
fibres. 
The presence of  many myofibrils in the polar 
end of  the  myotube suggests  that  this  region is 
capable of  an effective  contraction. The possible 
effect  of contraction on the overlying nerve end- 
ings is discussed later. 
A  stretch  receptor  is  invariably present  upon 
the nuclear bag, and the virtual absence of con- 
tractile material from this zone is in keeping with 
the function. The reason for the mass of nuclei in 
the bag is unknown. There is no evidence of divi- 
sion of these nuclei in the adult spindle. No activity 
of  the  nuclei is  recognizable in  the mierographs. 
It  might  be  supposed  that  the  nuclei  form  a 
mobile elastic mass that tends to distend the bag 
between the loops of the nerve ending. Thus, when 
the plasma membrane of  the fibre is stretched,  it 
may tend to straighten and to lift the endings out 
of the valleys they occupy. The nuclear bag, how- 
ever, is present in the frog intrafusal fibre, in which 
the branches of  the  sensory ending are  disposed 
parallel to  the long axis of  the fibre.  In such an 
arrangement,  there  would  be  little  mechanical 
advantage  gained  from  the  nuclei.  A  strictly 
mechanical role  for  the  nuclei seems  unlikely. 
Nerves and Nerve Endings 
Nerves in the Capsule: 
In  the present  investigation, nerve endings in 
the  capsule  have  not  been  recognized.  Sections 
were seen of unmyelinated axons, partly or wholly 
within Schwann-cell cytoplasm, ranging from 1 to 
3 ~  in diameter. Although these axons  may have 
been  related  to  functional nerve endings in  the 
capsule, the differences in fine structure between a 
section of an unmyelinated axon in transit and a 
section of a  sensory nerve ending have not been 
defined.  One or two unmyelinated axons of about 
1 ~ in diameter, each enclosed in a little Schwann- 
cell cytoplasm lie within the Henle sheaths of the 
larger myelinated nerves (Fig. 5) and are probably 
in  transit  to  deeper  parts  of  the  spindle.  Small 
unmyelinated axons lie isolated in the capsule or 
endomysium; their  destination and  function are 
unknown. 
There has been no published work on the diam- 
eters of the sensory nerve fibres of the spindles in 
rat  lumbricals.  In  this  study,  many  sections of 
nerve fibres of about 3/~ in diameter were seen in 
the  capsule in  the  equatorial region of  spindles. 
In one specimen one of these fibres was estimated 
to be about 5 ~ in diameter. These measurements 
are very much less than the published diameters of 
the  large  sensory nerve fibres as  they  leave  the 
spindles of  other  laboratory animals.  Diameters 
measured  by  Sherrington  (1894-95),  Batten 
(1897),  and  Barker  (1948) were,  in general,  be- 
tween  8  and  12#.  Furthermore,  the  speed  of 
conduction of  a  nerve fibre  is  a  function of  its 
diameter (Erlanger and Gasser,  1937), and physi- 
ological  measurements  of  conduction  rates  in 
nerve trunks by Hunt and Kuflter (1951 b)  con- 
firmed  that  the large afferents from  spindles be- 
long to the largest fibres (group A1 (Lloyd, 1943)), 
which  range from  12  to  20/z  in diameter in the 
eat. Peripheral tapering of the fibres accounts for 
the  different ranges in diameters at  the  spindles 
and in the trunks. Shrinkage during preparation 
of specimens for direct measurement must also be 
considered.  A possible explanation for the failure 
to find larger nerves in these sections is  that,  by 
chance,  none of  those  examined  was  through  a 
favourable plane.  Further investigation is  neces- 
sary. 
Some  endings found on the polar regions have 
been identified as motor end-plates because they 
resemble  those  found  on  the  extrafusal  fibres. 
These  extrafusal  endings  are  similar  to  those 
described  by  Palade  (1954,  1957), Robertson 
(1956 a), and by Reger  (1957, 1958). There is no 
doubt that the nuclear-bag ending is sensory. The 
nuclear-bag  endings  and  the  motor  end-plates 
differ  in the following  respects.  First,  there is no 
basement membrane between  the  plasma  mem- 
branes of nerve and muscle at the sensory ending. 
Second,  no Schwann cell covers  the sensory end- 
ing. Third, the motor ending has by far the greater 
number of  synaptic  vesicles.  Fourth,  the  under- 
lying myofilaments lie much closer  to the sensory 
than to the motor ending. In order to classify any 
nerve ending on an intrafusal fibre I am tentatively 
using  the  above  criteria.  Thus,  all  bodies  with 
nerve-like cytoplasm, which  lie in contact with a 
muscle fibre,  are assumed to be nerve endings. If 
the plasma membrane of the ending is separated 
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ing is named sensory. If the plasma membranes of 
nerve  and  muscle  are  separated  by  basement- 
membrane material to a  distance of 500 to 600 A 
the ending is named motor. 
There have been conflicting claims concerning 
the  extent of  the intrafusal motor innervation in 
the  mammal.  Hines  and  Tower  (1928),  using 
methylene blue and whole-mounts of a number of 
different  muscles  from  different  animals,  con- 
cluded  that  the  innervation is  discrete  and uni- 
polar.  Barker  (1948) described  a  bipolar  motor 
supply derived from a number of small axons that 
sometimes  branched;  furthermore,  some  axons 
supplied more than one intrafusal fibre, and some 
intrafusal fibres received more than one end-plate 
at one pole.  He also described a rabbit spindle in 
which a single medium-sized  motor fibre innervated 
all  muscle  fibres  of  one  pole.  Barker's  work  is 
quoted  by  the  physiologists,  who  have  many 
records  interpreted  as  demonstrating  extensive 
branching of the gamma efferents.  All the spindles 
whose afferents were isolated by Hunt and Kuffier 
(1951 a)  were  innervated by from 3  to 5 gamma 
efferents. 
CoOrs and  Durand  (1956) obtained  a  strong 
positive  acetylcholinesterase  reaction  from  the 
nerve endings on the myotube and polar zones of 
the fibres,  and suggested that all the endings on 
those two  zones are motor. The myotube endings 
have  generally  been  considered  to  be  sensory. 
Matthews  (1933) suggested  that  this A1  ending, 
which  is supplied by medium-sized nerve fibres,  is 
responsible for  the  slow  component that  he  was 
able to demonstrate in the afferent volley from a 
stretched muscle. 
There  is  some  disagreement  in  the  literature 
concerning the shape of the motor ending on the 
intrafusal fibre.  In  the  experience  of  Hines and 
Tower (1928) the ending was of  the "terminaison 
en grappe"  form, while Barker  (1948) and ColOrs 
and  Durand (1956) reported  typical motor  end- 
plates. Ruffini spoke  of "plate endings." 
In the  present  study  of  thin sections, neither 
the distribution nor the gross  form of  the motor 
endings could  be  determined.  In  each  series  of 
sections, designed to cover the length of a spindle, 
there  were  gaps  and  imperfections.  In  no  case 
were both poles of  a  spindle  cut  successfully.  It 
is,  therefore,  not  known whether  these  spindles 
had  a  bipolar motor innervation. In spite of  the 
gaps, however,  long lengths of a polar region were 
sometimes followed; yet in no case was more than 
one end-plate found in a  spindle although  there 
are  several  intrafusal fibres  in  each  spindle.  In 
section, all these end-plates were small and simple. 
It is probable, therefore,  that the end-plates seen 
did  not  cover a  large  area,  and  that  end-plates 
were  not numerous in these spindles.  The  simple 
profiles  that were  seen  could  equally  well  have 
belonged either to the small bulbous enlargements 
of  the  "terminaison en  grappe"  type  of  ending 
or to the processes  of simple end-plates. 
Satisfactory  micrographs  were  not  obtained 
from both ends of a  myotube. The figures  of the 
myotube  region  suggest  that  its  endings  are 
raised on  the  end  towards  the  nuclear bag,  and 
long and low on the end towards the pole.  It will 
be seen, however,  that the state of contraction and 
the quality of fixation are not the same in all the 
examples  of  myotube shown  in the  figures,  and 
these and other accidents during preparation may 
be responsible for  the  differences  in the  outlines 
of the endings. 
The arrangement of the sensory endings on the 
intrafusal fibre would  suggest  that  the  myotube 
ending and  the nuclear bag ending stand in the 
same  relationships to  the  intrafusal fibre as  the 
muscle spindle and the Golgi tendon organ stand 
to  the  whole  muscle.  The  muscle  spindle  is  in 
parallel  with  the  extrafusal  fibres,  the  myotube 
ending is  in  parallel  with  the  underlying myo- 
fibrils.  The nuclear bag and the tendon organ are 
in  series  with  the  contractile  elements.  Struc- 
turally,  the  arrangement is suitable for  the inde- 
pendent measurement of both the state of contrac- 
tion and the state of tension of the intrafusal fibre, 
and if motor activity in the spindle does  indeed 
initiate  reflex  activity,  one  would  expect  that 
information  concerning  both  the  state  of  con- 
traction  and  the  degree  of  tension would  be  of 
equal importance. If the myotube ending responds 
directly to stretch,  and if  its threshold  length  is 
the rest length of the myotube without extension, 
the ending would cease  to fire whenever the con- 
traction  of  the  myotube overcame  the  external 
forces tending to stretch that portion of the fibre. 
The contraction of the poles and myotubes would 
be at  the expense  of  the nuclear bag, and would 
cause  the  ending on  the  latter  to  increase  its 
rate of discharge.  ~latthews  (1933) observed this 
difference  in  the  behaviour  of  the  two  sensory 
endings and attributed it  to  the  contractility of 
the  myotube.  Hunt  (1954),  however,  found  no 
significant difference  in  the  receptor  character- 
istics  of  the  large  and  medium  spindle afferent 
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the receptors of the medium-sized fibres to steady 
stretch  of  the  muscle.  It  must  be  remembered 
that  the  response of the  myotube ending  may  be 
complicated  by  the  fact  that,  whereas  the  polar 
end  of  the  myotube  contains  much  contractile 
material,  the nuclear-bag end contains little. 
1 wish to express  my sincere gratitude for the valu- 
able advice and generous support of Professor H. Stan- 
ley Bennett whose training programme made this work 
possible.  I  am indebted to Professor Bennett and Pro- 
fessor Harry D. Patton for helpful criticism of the man- 
uscript, and to Mr. George W. Reis for the photographic 
prints. 
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EXPLANATION  OF PLATES 
The legends of the figures contain numbers identifying the spindle from which each figure was taken. Thus Figs. 
1,  4,  6,  and others were taken from spindle No.  21.1.1,  The first number indicates that  the spindle came from 
animal No. 21; the second number refers to a group of muscles, in this case group No. 1; the last number identifies 
the block containing a lumbrical trimmed for a  single spindle, in this case lumbrical or block No. 1. Spindles Nos. 
21.2.1  and 21.2.2 also came from rat No. 21  but came from the lumbricals of the other forepaw and from blocks 
1 and 2 respectively. 742  FINE  STRUCTURE  OF  MUSCLE  SPINDLES 
PLATE 366 
FIG.  1.  Spindle No. 21.1.1. Fixed by vascular perfusion. 
An oblique section through the myotube zone of a  spindle cut at an angle of between l0  ° and 15 ° to the long 
axis. 
Three relaxed intrafusal fibres (IF) of different diameters lie in a  complex sheath of endomysium. Myelinated 
and unmyelinated nerve fibres (N)  lie in a  delicate Henle sheath. The myelinated nerve is cut through a  node of 
Ranvier (R) and has an irregular outline. The endomysial sheath (E) and the Henle sheath (H) lie in the periaxial 
space (PS), which is enclosed by the capsule (C). A capillary lies between sheets of the capsule wall. In the upper 
left corner lies a small extrafusal muscle fibre. There is a  marked difference in texture between the extrafusal and 
intrafusal  fibres. The  myofibrils of the extrafusal  fibre are separated by coarse reticulum associated with mito- 
chondria, whereas the investment of the fibrils of the intrafusal fibres is difficult to see at this magnification. 
There is considerably more flocculent precipitate in the periaxial space than there is within the endomysial and 
Henle sheaths and outside the capsule. 
Sensory nerve endings (SE), which are conspicuous because of their mitochondria, lie on the intrafusal fibres. 
Portion of the ending SE1, taken from a neighbouring section, appears in Figs. 17 to 19. A portion of the myotube 
of the intrafusal fibre towards the right of the figure, taken from another section, is shown in Fig. 11.  X  4,000. 
FIG.  2.  Spindle No.  21.2.l.  Fixed by vascular perfusion. 
An oblique longitudinal section through portion of the periaxial space (PS). 
The capsule, on the left, is made up of six layers of capsular-sheet cells. On the right is portion of an endomysial 
cell (E).  Each sheet of capsular-sheet cell cytoplasm is limited by a  plasma membrane on both surfaces, and in 
most places is separated from its neighbours by intercellular basement-membrane material.  A  few transversely 
cut collagen fibrils (of) lie between the sheets. Where the sheets are widely separated the intercellular material is 
condensed into a  basement membrane  (b)  close to each sheet. The ragged appearance of the free surface of the 
basement membranes in these areas of separation suggests that some of the separation is artefact. Where the sheets 
lie close together the intercellular material either is of uniform density as at  1 or contains a  single membranous 
condensation midway between the two sheets as at 2. In some places (3)  the plasma  membranes of neighbouring 
ceils are about 200 A apart, and in other places (4) adjacent cells are attached by dense desmosomes or attachment 
plaques. A condensation of basement-membrane-like material (5)  is very marked within the periaxial space against 
the inner surface of the innermost capsular sheet. 
The  cytoplasm of the capsular-sheet  cells contains  many  vesicles and  caveolae intracellulares  (v)  elongated 
perpendicular to the surface of the cell. The endomysial cell cytoplasm contains fewer small vesicles and caveolae. 
The fluid in the periaxial space contains a  large quantity of solid material that appears as an amorphous pre- 
cipitate. The uneven distribution of the precipitated material is due to the flow of the embedding plastic before a 
blunt knife. The direction of cutting was parallel to the portion of capsule shown, and was probably from top to 
bottom of the figure. Material has been transported and dumped in that direction. X  30,000. THE  JOURNAL  OF 
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FIG. 3.  Spindle No. 21.2A. Fixed by vascular perfusion. 
A portion of spindle capsule taken from the same block as was that shown in Fig. 2. This section was thinner 
than that in Fig. 2. Structural detail is poorly preserved and there appears to be considerable separation of the 
sheets and ragged tearing of the basement membranes. This poor preservation of the  capsule was common in the 
specimens of this series.  Neighbouring capsular-sheet cells in the same sheet make close contact with each  other 
(X) X  29,000. 
FIG. 4.  Spindle No. 21.1.1. Fixed by vascular perfusion. 
This low power view contains two nerve fibres (N)  that are seen at higher magnification in Fig. 6. Immediately 
surrounding the nerve fibres are small bundles of collagen fibrils  (c/).  Each of the nerve fibres lies in its own very 
thin investment of Schwann-cell cytoplasm. The extremely attenuated cell  (C)  is a detached capsular-sheet cell 
lying in the periaxial space.  X  4,000. 
FIG. 5.  Spindle No. 21.2.1. Fixed by vascular perfusion. 
An oblique longitudinal section through the edge of a spindle at about the level of the transition region between 
polar and myotube zones. 
On the left is the edge of an intrafusaI muscle fibre  (IF).  Fragments of amorphous material (el') are tentatively 
identified as elastic fibre. The uneven density of the amorphous material is due to a cutting artefact. Immediately 
to the right of the elastic fibre is a  sheet of endomysial cell cytoplasm (E), which is closely associated with ex- 
tensions of cells of the spindle capsule.  The capsule contains myelinated and unmyelinated nerve fibres  (N).  The 
Henle sheath of nerves traversing the capsule is derived from the capsule.  The larger myelinated nerve has a very 
irregular outline within its Schwann cell. The unmyelinated axon is enclosed  in Schwann-cell  cytoplasm. P  is a 
process of Schwann cell. X  16,000. 
FIG. 6.  Spindle No. 21.1.1. Fixed by vascular perfusion. 
Two small unmyelinated nerve fibres  (N)  within Schwann-cell  cytoplasm accompanied by two portions of cap- 
sular-sheet cell cytoplasm. 
These fibres were traversing the periaxial space, apart from but close to the nerve trunk seen in Fig. 1, which 
was taken from a nearby section, and they are seen in low power in Fig. 4. The thickness of the cytoplasmic sheet 
at X is about 300 A. The three mitochondria in the Schwann cell contain unusually dense granules. X  30,000. THE  JOURNAL  OF 
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FIG. 7.  Spindle No. 25.2.1. Fixed and partly dehydrated in situ. 
An oblique longitudinal section through an edge of the core and the neighbouring myofibrillar wall of a portion 
of the myotube. 
A "triad"  (t)  of sarcoplasmic reticulum is seen near the junction of A and I  bands. The low density of the con- 
tents of the dilated peripheral  vesicles ("er2"  of Porter and  Palade  (1957)),  which sandwich the  "intermediary 
vesicles" (not resolved) between them, is conspicuous. The two groups of vesicles, tl and t2, are probably portions 
of triads lying in the periphery of the myotube core, A blunt knife has caused the section to be of varying thickness 
in narrow vertical bands across the figure,  X  30,000. 
FIG.  8.  Spindle No.  21.2.1.  Fixed by vascular perfusion. 
A low power micrograph showing one end of an equatorial  region in a  longitudinal section cut at a  very small 
angle to the long axis of the fibre. 
On the left the spindle capsule comes into contact with the endomysium and, therefore, the periaxial space (PS) 
ends. Two intrafusal fibres of different sizes are seen. The small fibre is relaxed, with conspicuous I  bands. The 
fibre on the right  is without I  bands and  is, therefore, contracted. The fibre on the right has so little  reticulum 
that myofibrils are difficult to distinguish. The "triads"  (l)  are conspicuous. In the fibre on the left the triads lie 
well within the limits of the A bands. Two small sensory endings (SE) are seen on the right hand fibre. The periph- 
eral position of the nuclei in the small fibre is unusual but by no means unique.  X  7,000. 
FIe;. 9.  Spindle No. 21.2.1.  Fixed by vascular perfusion. 
An oblique longitudinal section through the edge of an intrafusal fibre in the polar region. 
On the left are portions of the innermost layers of the spindle capsule. There is no periaxial space. In this area 
the endomysial sheath of the fibre was indistinguishable from the capsular-sheet cells in contact with it. The section 
of fibre seen in this figure was very close to the motor end-plate shown in  Fig. 20. In contrast  with  the structure 
of the intrafusal fibres seen in the polar regions of other spindles studied in  this series, the portions of the polar 
region of the fibre in  Figs. 9  and  20 show an unusually  large quantity of reticulum.  The several myofibrils seen 
on the right of this figure are so delicate and are surrounded by so much interfibrillar reticulum that it is difficult 
to see their details. In this trimmed print even the Z lines are difficult to see but they are in the positions indicated 
(Z). The three elements of the "triad" (t) lie in an interfibrillar plane. Two portions of rough surfaced ergastoplasm 
(e) are associated with the myofibrils and merge into a group of smooth surfaced vesicles (g), which are probably 
portion of a  Golgi body; the neighbouring large vesicles (v) increase that probability. Some of these large vesicles 
have slit-like extensions (s)  running towards the surface of the fibre. Connections between these slits and the sur- 
face of the fibre have not been resolved. A  nucleus  (n)  in  the muscle fibre, large mitochondria, and many small 
particles of medium density occupy much of the remainder of the sarcoplasm. 
Although the perinuclear regions of intrafusal fibres are richly supplic~l with organelles, this frame is unusually 
well endowed in comparison with many perinuelear regions of polar zones. X  33,500. THE  JOURNAL OF 
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FIG.  10.  Spindle No.  21.2.2.  Fixed by vascular perfusion. 
An oblique section through the polar zone of an intrafusal muscle fibre. 
The plane of section, which was at a considerable angle to the long axis of the fibre, has passed out of the fibre 
within an A band. Portions of two sarcomeres are seen. The dark Z  band  (Z) is not continuous across the figure 
but is interrupted in two places indicating that there are at least three myofibrils slightly out of register with each 
other. The small myofibril on the right is easily seen because of the mitochondria that almost surround it, In the 
I  band  (I)  there is a  quantity of fine reticulum enclosing small bundles of filaments, In the two A bands there is 
little evidence of myofibril formation. Nevertheless, the arrangement of the isolated small mitochondria and vesicles 
in the A band above the Z line suggests that bundles of a similar size to those seen in the I  band also exist in the 
A band. 
This section was very close to the motor-end plate shown in Fig. 29. There was no noticeable difference in the 
structure of the three intrafusal fibres in this spindle at this level. The structure of the fibre is in marked contrast 
to that in Fig. 9. In the upper right corner of the figure there is some material of medium density (e/)  tentatively 
identified as elastic fibre. )<  30,000. THE JOURNAL  OF 
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FIO.  11.  Spindle No.  21.1.1.  Fixed by vascular perfusion. 
A section through the axis of a myotube at a small angle to the long axis of the fibre. 
This portion of the myotube is closer to the polar end than to the nuclear bag end. In this situation the myo- 
filaments are gathered into true myofibrils.  There are two layers of myofibrils surrounding the core of sarcoplasm, 
and  the exposed myofibrils are interrupted by the oblique plane of section. The edge of a  nucleus  (n)  lies in the 
core at the extreme left, The core is crowded with mitochondria and vesicles. Several of the mitochondria contain 
large dense particles (compare with Figs, 6  and  17,  which were taken from the same spindle). The small smooth 
surfaced vesicles of the endoplasmic reticulum are very crowded throughout the myotube core. A stack of flattened 
vesicles (g) is probably a portion of a Golgi body, which are numerous in the core. Short lengthsof granular ergasto- 
plasm (e) are sometimes seen. 
There are a  number of large vesicles in the core. In the center of the figure are four large vesicles (1 to 4) of a 
uniform size and  shape. They  are compound vesicles containing smaller vesicles. Vesicle No.  4  has considerable 
internal density. Another large vesicle (5)  contains no small vesicles but does contain many fine particles of high 
density (compare with similar vesicles in Fig. 21).  X  30,000. 
FIG.  12.  Spindle No.  17.5.2.  Fixed by vascular perfusion. 
A  section through a  myotube at  an angle of about 45 °. 
The core of the myotube of an intrafusal fibre is flled by a nucleus.  Surrounding the core is a  thin  continuous 
shell of myofilaments. To  the right  is an  extrafusal fibre with well marked  myofibrils. Two  portions of sensory 
ending (S/~)  lie on the intrafusal fibre. N  is a small unmyefinated axon in the endomysium. X  7,000. THE  JOURNAL OF 
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FIG.  13.  Spindle No.  21.2.l.  Fixed by vascular perfusion. 
A section within the nuclear-bag zone of an intrafusal fibre at a small angle to the long axis. 
At the left of the figure the plane of section is passing away from the axis towards the surface of the fibre. To- 
wards the left,  therefore, the peripheral shell of myofilaments appears thicker than it actually  is.  Nevertheless, 
there is some increase in the number of myofilaments towards the left because the transition from nuclear bag to 
myotube begins there. This fibre is probably the smaller of the two seen in Fig. 8.  Unusual features of this nuclear 
hag are that small bundles of myoillalnents lie between the nuclei (small Z hands (Z) can be seen in these bundles), 
and it contains less vesicular sarcoplasm than was seen in other nuclear bags. 
Two portions of the nuclear-bag sensory ending indent the upper border of the fibre.  Mitochondria make them 
conspicuous. In both size and shape the larger (SE) of the two is typical of the majority of sections through nuclear- 
hag endings. On the lower border of the fibre, towards the right, is a fragment of Schwann-cell cytoplasm (S) con- 
talning a  very small section of unmyelinated nerve fibre. Three arrows indicate sections through what appear to 
be small portions of nerve ending.  X  9,000. 
Fro.  14.  Spindle No.  21.2.1.  Fixed hy vascular perfusion. 
The large section of nuclear bag ending (SE)  in Fig. 13 at higher magnification. 
This micrograph is from a  thinner section than that seen in Fig.  13, and there is some compression and flow of 
plastic in a direction parallel to a line joining the lower left and upper right corners. 
The transversely cut sensory ending  (SE), enclosed in its plasma membrane (pl), depresses the plasma membrane 
(p2) of the longitudinally  cut muscle.  Both plasma membranes have fine folds, and  because the plane of section 
is tangential to portions of these folds the continuity of the  membranes is difficult to see.  The basement membrane 
(b) of the sarcolemma continues over the free surface of the  sensory ending (compare with Fig.  16). The distance 
between the plasma membranes of nerve ending and nmscle is difficult to measure because of the corrugated nature 
of the membranes. At their closest approach the plasma membranes are about  200  A  apart.  Small vesicles lie in 
the cytoplasm of nerve ending and  muscle. Some of these vesicles (v) lie close to  the plasma membranes and tend 
to obscure portions of ohliquely cut membrane. The resolution of detail in this  micrograph is inadequate to support 
an argument for the existence of pores through the plasma membranes. 
The  nerve ending contains many  mitochondria,  a  number  of vesicles of  various  sizes,  and  much amorphous 
material of medium density. 
A narrow peripheral zone of myofilaments (pro) lies in the muscle between the nuclei and the plasma membrane. 
In this section the filaments are seen with difficulty, and transverse striations are lost. In the thicker section in 
Fig. 13, however, there are delicate Z lines in the same region that is included in this figure. In this figure particles 
and vesicles are scattered amongst the filaments, which would, therefore, seem to be in small bundles that are less 
closely packed than they are in an ordinary myofibril.  X  30,000. THE JOURNAL  OF 
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FIG.  15.  Spindle No.  21.2.1.  Fixed by vascular perfusion. 
A longitudinal section within the myotube region of two intrafusal fibres cut almost parallel to their long axes. 
A blunt knife has caused some compression and plastic flow in the direction of the long axes  of the fibres. The 
dense black flakes and particles (e.g. a) are artefacts. In the extreme upper left and lower right  corners of the figure 
are portions of the periaxial space. The section has grazed  the cores of the myotubes and contains little core material 
and  only small portions of the central nuclei.  A  section through the  axes of the fibres would have shown more 
sarcoplasm and less contractile filaments. 
Myofibrils are ill  defined. The I  bands are  narrow,  indicating that the fibres are partly contracted.  A granule 
(d) in the upper fibre is of unknown composition. The granule may be a lipid droplet, but its relative density seems 
rather low for lipid. Portions of sensory nerve ending (SE) are applied to the surface of the fibres. The wide range 
of sizes of the sections of sensory ending and their irregular distribution would be compatible with a "flower-spray" 
distribution on the surface of the myotubes. The surface of the muscle is raised on each side of most of the sections 
of ending to form a raised gutter in which the ending lies. In the case of SE1 the lips of the gutter have met (arrow) 
over the top of the ending. The lips of the gutter supporting SE2 do not meet (arrows). The large portion of ending 
SE3 has a  large area of contact with the lower myotube; it is also in contact with the upper myotube (arrows). 
In neighbouring sections the contact with the upper fibre was more extensive. 
The sheet of endomysium (E) is deficient towards the right and, therefore, the two intrafusal fibres are not iso- 
lated from each other in this region.  Such a  large deficiency in  the endomysial partition between two intrafusal 
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FIG.  16.  Spindle No.  25.2.1.  Fixed and partly dehydrated in silu. 
A section within the transition zone between the myotube and polar regions of an intrafusal fibre cut at an angle 
of about  150  to  the long axis. 
In this figure the horizontal ripples with the periodicity of about  1 cm.  are due  to  alternating thick and thin 
bands in the section, and these are the result of "knife chatter." These bands tend to obscure the transverse stria- 
tions of the muscle. Z  lines are indicated  (Z).  The muscle is partly contracted. 
A long and low segment of a sensory nerve ending (SE) lies on the surface of the muscle. The plasma membranes 
of the ending (pl) and of the muscle (p2) can be followed for considerable distances, but details are obscured where 
corrugations of the plasma membranes are cut obliquely and where cytoplasmic vesicles lie close to the membranes. 
The basement membrane (b) passes from the surface of the muscle to cover the free surface of the ending. There 
is no Schwann-cell cytoplasm associated with the ending. There are a number of small compact mitochondria and 
small vesicles within the ending. Generally the myofilaments lie clese to the muscle plasma membrane under the 
ending. 
Some clumps of smooth vesicles (g), which are probably portions of Golgi bodies, and  some mitochondria are 
associated with the muscle nucleus (n) in the long axis of the fibre. There are several triads (t) of the sarcoplasmic 
reticulum in the section. 
A portion of the endomysial sheath (E)  contains a  few small vesicles. In the lower right corner of the figure is 
a  portion of a  Schwann cell (S) containing some exploded myelin.  X  35,000. THE  JOURNAL OF 
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Fins. 17 to 19 are overlapping serial micrographs. The right hand end of Fig. 17 is continuous with the left band 
end of Fig. 18, and, similarly, Fig. 18 is continuous with Fig. 19. 
Spindle No.  21.1.1.  Fixed by vascular perfusion. 
A section within the polar end of a  myotube region of an intrafusal fibre cut at a  small angle to the long axis. 
The portions of nerve ending (SE) seen in these figures were probably continuous with that marked SE1 in Fig. 1. 
Fro.  17.  Towards the left of the figure the plane of section has entered the sensory nerve ending, and tmvards 
the right, enters the underlying muscle fibre and another portion of nerve ending that is indenting the muscle. The 
plasma membrane (p) of the muscle is indicated. The major portion of nerve ending contains many mitochondria 
(m) and large amorphous bodies. The latter are difficult to classify; some of them resemble lipid droplets (dl)  but 
others of them could equally well be damaged or otherwise altered mitochondria (d2).  The sensory ending contains 
many small vesicles of the endoplasmic reticulum,  and  in  the lower right corner there is a  group of very small 
flattened vesicles (vl) similar to those seen in profusion in SE in Figs. 18 and  19. 
Several of the mitochondria in the muscle fibre contain large dense granules similar to those seen in Figs. 6 and 
11,  which were taken from the same spindle.  >(  30,000. 
FIG.  18.  The plane of section has passed close to  the surface of the muscle fibre and  has passed through the 
overlying sensory ending (SE)  in two places. It is not possible to demonstrate the continuity of the plasma mem- 
branes (p). In both portions of nerve ending there are a  few small sections of poorly preserved mitochondria (m), 
and in the lower portion are several dense bodies (d) similar to those seen in Fig.  17. Both portions of the ending 
contain a  tightly packed mass of the fine tubular reticulum  (vl) similar to that in Fig.  17. These tubular profiles 
resemble delicate  mitochondrial cristae and,  therefore, by reason of the low resolution of this  micrograph,  it  is 
difficult to identify mitochondria with obliquely cut membranes lying amongst the reticulum. At X  a double mem- 
brane partly encloses a  group of "tubules" but the structure is probably not a  mitochondrion. A similar group of 
enclosed tubules is seen at  X  in  Fig.  19.  )<  30,000. 
Fro.  19.  The lower sensory ending seen in Fig.  18 is continued in this figure.  Towards the right of the ending 
there is much less reticulum and the background consists of an amorphous material of medium density. At  X  a 
double membrane encloses some of the reticulum, and a  mitochondrion (m) lies against the membrane.  )<  30,000. THE  JOURNAL  OF 
BIOPHYSICAL  AND BIOCHEMICAL 
CYTOLOGY 
PLATE  374 
VOL.  7 
(Merrillees: Fine structure of muscle spindles) PLATE 375 
FIO.  20.  Spindle No.  21.2.1.  Fixed  by  vascular perfusion. 
A section through an intrafusal motor end-plate at a  small angle to the axis of the fibre. 
The section of intrafusal fibre seen in Fig. 9 was very close to this end-plate. 
Except for the absence of long and complex invaginations of sarcolemma beneath the  motor ending,  the fine 
structure of intrafusal and extrafusal end plates is similar. A very thin layer of Schwann-cell cytoplasm (S) forms 
a cover over two portions of motor ending (ME), and the latter are applied to the intrafusal fibre (IF). The free 
surface of the Schwann cell is thrown up into several projections (P). In this plane of section the underlying muscle 
and the cover of Schwann-cell cytoplasm completely invest the motor ending. The plasma membrane of the ending 
is indicated at  intervals by arrows.  The plasma membranes of Schwann cell and  motor ending lie about  200  A 
apart.  Within the area of contact between motor ending and  muscle fibre, the plasma membranes of ending and 
muscle are separated by the basement membranes of both nerve and  muscle, and lie about  500  A apart.  In this 
area each basement membrane clcsely follows the contours of its own cell. A  faint line  (L)  corresponding to the 
position of the apposed surfaces of the basement membranes may be seen midway between the plasma membranes 
of nerve and  muscle.  There are  two widely dilated  invaginations  (1)  of sarcolemma beneath the  motor ending. 
Sarcolemmal basement membrane  lines  the  cavity  of  the  upper  invagination  and  fills  the lower  one. Compare 
the relatively simple contours of the sarcolemma in Figs. 20  and 22  with the complex invaginations under the ex- 
trafusal motor ending in Fig. 23. 
The nerve ending contains a number of small mitochondria and many small vesicles. 
The small layer of sarcoplasm that separates the myofibrils from the motor ending contains the edge of a nucleus 
(n), stacks of vesicles suggesting Golgi bodies (g), large mitochondria containing small dense granules, and some 
small vesicles and granular material. Several dense bodies (d) lie among the mitochondria (see Fig. 21). An isolated 
bundle of myofllaments (mr) lies between the nucleus and the sarcolemma under the motor ending. 
Towards the upper right corner of the figure a sheet of endomysial-cell cytoplasm (E)  separates the motor end- 
plate from a neighbouring intrafusal muscle fibre (IF). Where the endomysium and muscle cell lie in contact their 
basement membranes have fused and given rise to a fine dense line midway between the plasma membranes, which 
are separated by the basement membranes to a distance of about 500 A. The relationships of this membrane com- 
plex are, therefore, similar to those found between a  muscle fibre and its motor ending. X  30,000. 
FIG. 21.  A photographic enlargement of the dense bodies (d) in Fig. 20. In this low density print  some structures 
resembling mitochondrial cristae can be seen in the body (m)  to the extreme right. The two dense bodies (d) are 
limited by at least one membrane and contain many fine and extremely dense particles. The density of the particles 
suggests a  high metalic content, e.g. iron in ferrifin.  X  45,000. THE  JOURNAL OF 
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FIG.  22.  Spindle No.  21.2.2. Fixed by vascular perfusion. 
A section through portion of an intrafusal motor end-plate at a  considerable angle to  the long axis of the fibre. 
The section of intrafusal fibre seen in  Fig.  10 was very close to  this end-plate. 
Portion of an intrafusal fibre occupies the lower part of the figure, and a  motor ending occupies the upper part. 
Portions of the investing Schwann cell (S)  lie at either side. The small vesicles (v) in the ending are clustered near 
the nerve plasma membrane (pl). The three invaginations of the sarcolemma are very short and simple, and some- 
what dilated. 
The amorphous material e/" is tentatively identified as elastic fibre.  X  30,000. 
FIG.  23.  Block No. 25.2.1. Fixed and partly dehydrated in situ. 
A section through portion of an extrafusal motor end-plate at a  considerable angle to the long axis of the muscle 
fibre. 
This end-plate was found on a  muscle fibre close to a  spindle. In comparison with many other extrafusal end- 
plates found in the lumbricals and other  skeletal  muscles of the rat,  this ending is relatively simple. The  motor 
ending (ME)  lies on the sole plate of the extrafusal muscle fibre  (EF)  and is completely covered  by a  thin sheet 
of Schwann-cell cytoplasm (S). In this plane of section the continuity of the Schwann-cell cytoplasm is interrupted 
by numerous folds. The plasma membranes of nerve (pl) and Schwann cell (ps)  are about 200 A apart.  The nerve 
ending contains some mitochondria and a  large number of small vesicles. The plasma membranes of nerve ending 
(pl)  and  muscle (p2)  are separated  to  a  distance of more than 500 A  by the interposed  basement membranes of 
both nerve ending and muscle. 
The invaginations of sarcolemma (I)  under the nerve ending are typical  of a  motor end-plate.  This specimen 
was described  above as simple because  the invaginations are few  in  number, and with  the exception  of the one 
marked I1  the invaginations are short and simple. In many end-plates the invaginations are crowded,  long, and 
complex ridges, which, in a  favourable plane of section, are seen to fuse with one another. 
Portion of an endomysial cell (E)  forms a  thin cover over the end-plate. At X  the endomysial cell and Schwann 
cell are in close contact. Their plasma membranes are separated only by their closely apposed basement membranes. 
At  the upper and  lower  right  borders  of  the  figure  are  portions of  neighbouring extrafusal  fibres. F  indicates a 
fibroblast.  X  27,000. THE  JOURNAL  OF 
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